The contribution of the porphyrin skeleton to the potential energy surface of metalloporphyrins is calculated by the semiempirical method of quantum mechanical extension of the consistent force field to ir electron molecules. This calculation makes it possible to correlate the observed structure of metalloporphyrins with the strain energy of the porphyrin skeleton. It is found that the out-of-plane metal displacement in pentacoordinate heme systems is due to both the restricted size of the porphyrin hole and the "1-3" steric interaction between the axial ligand and the heme nitrogens. The main components of the active site of hemoglobin are simulated by a histidine-heme-oxygen system. The energy surface of this system provides a quantitative explanation for the control of ligand binding by hemoglobin. It is shown that the heme acts as a diaphragm, designed to provide simultaneous binding to the histidine and the sixth ligand under the steric requirements of the 1-3 interactions. The dependence of the hemoglobin potential surface on the distance between the proximal histidine and the heme plane is evaluated for the R and T states, using the calculated heme potential and the observed energy of hemeheme interaction.
X-ray and biochemical experiments have provided detailed information about the structure of hemoglobin and its biological functions (for a recent review see ref. 1 ). Many studies have been concerned with the analysis of the molecular origin of the heme-heme interaction (the increase in the affinity of the fourth bound oxygen relative to that of the first bound oxygen). Perutz and coworkers (2-5) compared the structures of the high and low oxygen affinity states of hemoglobin. They suggested that in the low oxygen affinity state the protein pulls the iron away from the heme plane, and opposes the transition to the low spin state which is needed for combination with oxygen. Hopfield (6) used a simple model of two springs to suggest that the heme-heme interaction energy is distributed among many degrees of freedom in the protein and not in the relatively rigid heme. Experiments (7, 8) have not found evidence for significant strain in the heme group.
At the present time, despite the above studies, the role of the active site of hemoglobin in the control of oxygen binding is not fully understood. For example, the reasons for the change in heme geometry upon binding of oxygen and the relation between the heme tension, spin state, and oxygen affinity are still unclear. It is also questionable whether or not the heme group can be considered a rigid system. The analysis of these problems requires information about the energy surface of the heme group and such information cannot be obtained directly from structural or spectroscopic studies.
This work uses energy calculations to study the correlation between the energy and structure of the active site system shown in Fig. 1 . These quantitative calculations make it possible to examine the molecular basis for the control of oxygen binding by hemoglobin. It is found that the main reason for the change in heme geometry upon binding of oxygen is the " 1-3" steric interaction (see Fig. 1 ) between the oxygen and the heme nitrogens. Because of the effect of the 1-3 interactions the heme acts as a diaphragm designed to provide simultaneous binding to two groups that cannot approach too closely to the center of the diaphragm base. The hemoglobin molecule uses this arrangement to regulate the oxygen affinity (see Fig. 5 ).
Correlation between heme energy and metal size In recent years, the stereochemistry of porphyrins and metalloporphyrins has been studied extensively (for a review see ref. 9 ). These studies indicate that when the metal size increases, the metal is displaced out of the porphyrin plane because it cannot fit into the porphyrin hole. Unfortunately, the observed out-of-plane displacement of the metal cannot give direct information about the detailed energy balance in the heme system and about the "strain" energy of different deformations.
One way to analyze the correlation between the structure and energy of the heme group is to use a reliable theoretical scheme that can be calibrated to fit experimental data. This is done here by the QCFF/PI method (10) (11) (12) (13) in which the a electron energy surface is described by empirical potential functions and the ir electron energy surface is described by a semiempirical quantum mechanical treatment. For the case of metalloporphyrins, the quantum mechanical treatment is extended to include (in addition to the ir heme orbitals) the d22, dxy, do, dyz) dx2_2, and 4s orbitals of the metal, the lone pairs of the heme nitrogens, and the lone pairs of the axial ligands. The heme potential used here is based on extensive fitting of the QCFF/PI parameters to many independent properties of conjugated hydrocarbons and nitrogen-containing molecules (12) . This potential gives good agreement between the calculated and observed equilibrium geometries and vibrational frequencies of the heme group for different sizes of its core (14) .
The strain in the porphyrin skeleton is analyzed as a function of the metal size by using the adiabatic mapping procedure (10) (11) (12) (13) 15) . In this procedure, using bo to simulate the metal size, an external constraint V' = 4=1 K(bi -b0 )2 is introduced for the four metal-nitrogen bonds (b1). between oxygen and nitrogen is estimated by using the same value fore as in the NU-N case, and a value of 2.62 A for qO from the corresponding difference between the N and 0 van der Waals radii (12) .
The total heme potential VH is composed of the pure porphyrin skeleton deformation energy (V,) and the sum of Vb, Vz, and V13. Fig. 2 tures of the t(d), r(d), t(°), and r(°) states which designate, respectively, the t and r structures in the unbound (deoxy) and bound (oxy) sixth ligand states. The structural information for the different states is summarized in Table 1 .
The heme-heme interaction (denoted here as AG) is the difference in oxygen affinity between the r and t states. This energy difference can be evaluated by extending the calculations of the previous section to the complete active site system. The potential surface of the active site is evaluated by considering the heme potential (VH) and the bonding potential of the axial ligands. The heme potential is described in the previous section. The bonding potential of the axial ligands can be rep- (23, 24) and iron-oxygen (25) bonds respectively.t A value of 2.4 A-1 is estimated for the parameter a by analyzing the stretching vibrations of transition metal complexes (17) . The equilibrium parameters bo are taken as the corresponding observed equilibrium values ( Table 1) .
The general form of the energy of the oxy state can be approximated by:
E°V H°(Z) + M50(b5) + M60(b6) + Ep(l) [1] in which VH is the energy of the heme system, M5(b5) and M6(b6) are the Morse potentials for the b5 and b6 bonds, respectively, and EP is the protein free energy which depends here only on the distance 1. An analogous expression is used for Ed. Eq. 1 becomes more meaningful if it is expressed in terms of the least energy path for the distance 1. The energy of the active site system along this path can be expressed as:
[2] in which A designates active site, whereas z(1), b5(1) and b6(l) indicate explicitly the least energy path of the corresponding variables. The calculated potential EA for the oxy and deoxy states is presented in Fig. 3 . The oxy potential is much steeper than the deoxy one in the z > 0 region because the out-of-plane motion toward the fifth ligand is hindered by the 1-3 steric interaction between the heme nitrogens and the sixth ligand.
With this least energy potential one can write (for example) the energy of the Et0 state as:
Et°= EAo(lto) + Ept(lto) [3] The energy of the other three states can be expressed analogously. The oxygen binding energy is now given by:
The heme-heme interaction AG is the difference in oxygen affinity between the r and t states and is given by:
This equation can be rewritten as: Fig. 1 ) cannot be smaller than q01. An incoming ligand is presented (dashed line) in the figure of the t(d) state. In this case, the 1-3 interaction hinders the formation of a strong b6 bond as long as the iron is in the z > 0 region. The proximal histidine nitrogen is connected to the F helix. The effect of the change in the quaternary structure is represented here only by the coupling of the motion of tyrosine HC2 with the formation of the corresponding salt bridge. The strain of the protein in the t (o) state is represented at three leaf springs: the tyrosine pocket, the F helix, and the noncovalent bonds to the heme. interaction, I estimate the different terms in Eq. 6. AEA d is estimated from Fig. 3 as 0.3 kcal/mol. A rough estimate of AE r = 0.6 kcal/mol is obtained by comparing the free energy of oxygen binding of picket-fence porphyrin, myoglobin, and hemoglobin (25) . By using the estimate of AEPr = 0.6 kcal/mol, the calculated EA°, the calculated EA d, and the observed AGv Ir is set equal to ird and the best it is found to be -3.63 A. These potentials give It°-Ir0 = 0.075 A, AEPt = 4.0 kcal/mol, and AEA0 = 0.5 kcal/mol. The quadratic estimates of Ept and Epr are drawn in Fig. 4 . Control of ligand binding by hemoglobin As shown in the previous section, the main feature of the active site potential surface is the change from a rather shallow potential (with a minimum at z -0.6 A) in the deoxy state to a much steeper potential (with a minimum at z 0) in the oxy state. This change is mainly due to the 1-3 steric interactions. In view of this result, I suggest that the active site of hemoglobin Ei Proc. Natl. Acad. Sci. USA 74 (1977) 1793 controls the oxygen binding according to the model presented in Fig. 5 . The active site in this model is composed of a diaphragm (the heme) which can provide simultaneous binding to two systems, the protein (via the proximal histidine) and the oxygen. The approach of the oxygen and the histidine to the center of the diaphragm base is limited by the 1-3 steric interactions. The model is best described by following the process of oxygen binding: In the R quaternary structure the interaction between the subunits is small, and E (1) has a minimum at -2.7 A. In the T quaternary structure, the interaction between the subunits shifts the minimum to -3.6 A. This change in structure does not lead to large strain in the heme-protein bond because the t(d) position of the iron corresponds to the shallow region of the E t potential. When the first oxygen approaches the t(d) heme in the T state it cannot form a strong bond as the iron is on the opposite side of the heme plane. The iron can be displaced toward the oxygen but this motion pulls the histidine and eventually reduces the distance between the heme plane and the F helix, transferring the strain to the protein. Thus, instead of getting the full oxygen binding energy the T state pays for straining the protein, and to some extent b5 and b6. The strain in the t (o) subunits becomes smaller if the tyrosine is expelled from its pocket and if the salt bridges between the subunits are broken. After binding of three oxygens, the strain in the t(°) subunits becomes sufficient to shift the system to the R quaternary structure (all the subunits being disconnected). Now the fourth subunit is in the r(O) state. The oxygen affinity in r(O) is 3.6 kcal/mol larger than in t(d) because the oxygen binding leads to smaller strain in the protein.
The present calculation uses a realistic molecular model for the active site of hemoglobin with the following conclusions: (i) The heme-heme interaction is mainly localized in the protein (in agreement with Hopfield's qualitative model) although approximately 15% of this energy is stored in the heme. (ii) The hemoglobin potential surface can be as steep as the heme potential surface (in contrast to the assumption in ref. 6 ), but the protein is built in such a way that the t(d) and r(d) states are in the shallow region of its potential. (iii) The change in spin state should be considered more a consequence of ligand binding than the major factor in the control of oxygen affinity. In fact, because both r(o) and t(o) are low spin states while t( and r(d) are high spin states the heme-heme interaction does not involve the energy of changing spin states. § Thus, although Perutz's model of reciprocal relation between the protein tension and the oxygen affinity is correct, it is better to emphasize the change in heme geometry rather than the change in spin state. That is, the heme simply provides a relatively rigid system that must change geometry upon ligand binding to give simultaneous binding for the histidine and the oxygen under the constraint of the 1-3 steric interaction.
